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University of New Hampshire, September, 2016 	
 Heterozygote deficiencies have been noted in both wild and farmed populations 
of Mytilus edulis Linnaeus 1758, yet the underlying causes for this deficit remain unclear. 
This is especially surprising considering that advantageous fitness traits (i.e., increased 
fecundity, reduced basal metabolism, higher growth rate in farmed mussels) as well as 
decreased mortality under environmental stressors (i.e., air exposure, increased water 
temperature) are positively correlated with heterozygosity in these mussels. The 
dislodgement hypothesis states that more heterozygous mussels are migrating to the 
periphery of a rope culture or mussel bed to gain an energetic advantage where they 
become more susceptible to drop-off. To test this hypothesis, wild and farmed blue 
mussels were assessed for motility, size, byssal thread attachment strength, 
byssogenesis, and heterozygosity. There was no correlation between heterozygosity 
and byssal thread attachment strength or motility in wild or farmed mussels. 
Consequently, the dislodgement hypothesis is rejected. Instead, shell size was 
significantly correlated with several byssal thread variables. Size had a positive effect on 
attachment strength; larger mussels were more firmly attached to the substrate. Smaller 
mussels abandoned more plaques and produced more byssal threads than large 
mussels in the wild and farmed populations. Farmed mussels exhibited greater 
heterozygosity than wild mussels, possibly due to differences in predation risk, 
population density and size class. Neither heterozygosity nor size had significant effects 
on motility in either population.  
		 1 
GENERAL INTRODUCTION 
The Blue Mussel 
 The blue mussel (Mytilus edulis Linnæus, 1758), also known as edible mussel or 
common mussel, is a filter-feeding bivalve mollusk that is found in boreal and temperate 
waters. Typically, they are found in the intertidal zone attached to rocks, other animals 
including each other, and man-made structures like wharf pilings, sea walls, and piers. 
They attach to the substrate via byssal threads that are secreted from a special gland in 
their foot. Their upper intertidal distributions are controlled by temperature extremes and 
desiccation (Tsuchiya, 1983), and their lower limits are set by predation (Paine, 1974). 
Blue mussels are found worldwide through Canada, the eastern and western United 
States, South America, Europe, China, New Zealand, Australia and Spain (Heinonen, 
2014). In regards to aquaculture, the United States, Canada, France, Germany, 
Denmark, Sweden, Norway, the Netherlands, the United Kingdom, and Ireland are major 
producers of M. edulis (FAO, 2016). Along the northwestern Atlantic coast, blue mussels 
are found from the Canadian Maritime Provinces to Cape Hatteras, North Carolina 
(Gosling, 1992) with their southern range limit set by temperatures of about 27ºC. 
Although they can withstand sub-zero temperatures for extended periods of time, their 
northern limits are determined by temperatures above 5ºC of sufficient lengths to allow 
for reproduction.  
 Blue mussels are dioecious and release their gametes into the water column in 
late spring once water temperatures reach about 10-12ºC (Dailianis, 2010; Gosling, 
1992). Spawning may last through the summer into fall, and their life cycle includes a 
planktotrophic larval stage that under optimal environmental conditions lasts 20-30 days 
(Sprung 1984). During that time, larvae may drift over considerable distances with 
estimates ranging from 30 km (Gilg & Hilbish 2003) to 150 km (McQuaid & Phillips 
2000). Spatfall (i.e., larval settlement and metamorphosis) occurs mid-June to late July. 
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M. edulis larvae initially settle on plants and algae to grow before dispersing and settling 
in a mussel bed or on rocky surfaces (Seed, 1969). However, even after settlement, 
juvenile mussels are able to detach and either passively drift using their byssal threads 
or actively crawl to different locations using their foot (Sigurddson et al., 1976; Schneider 
et al., 2005; Jennings & Hunt, 2009). 
 M. edulis reach sexual maturity within the first year of life (Seed, 1969). Their 
maturation is time-, not size-dependent; however, mussels generally range from 2-7mm 
at sexual maturity (Seed, 1969). Mussels can be long-lived, up to 50 years for Mytilus 
californianus (Addison et al., 2008) and can reach shell lengths of over 100mm.  
 Blue mussels are of ecological and economic importance (Dankers et al., 2001; 
George, 1983; Newell and Moran, 1989; O’Donnell et al., 2013; Ostroumov, 2002; 
Riisgard et al., 1987). They are a bio-indicator species used to assess the health of 
aquatic ecosystems (Dailianis, 2010; Zuykov et al., 2013). Within their communities, they 
purify water via filtration (Ostroumov, 2002), indicate water contamination through 
uptake of toxic heavy metals (George, 1983; Riisgard et al., 1987), create new habitats 
by stabilizing the substrate (Dankers et al., 2001), and act as an important food source 
for aquatic, avian and terrestrial species, including humans (Newell and Moran, 1989). 
They are part of a popular shellfish industry and are harvested commercially worldwide, 
accounting for 197,831 tonnes of product worth up to USD $316 million annually (FAO, 
2016).	
 Because mussels are filter feeders, they tend to orient themselves with their 
incurrent syphon directed up or away from the mussel bed to optimize access to food 
availability (Seed, 1969). Their diet is mainly comprised of phytoplankton, but they can 
consume anything small enough to be suspended in the water column that may enter 
their incurrent syphon, such as zooplankton and detritus. 
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The Byssal Apparatus (Fig. 1) 
 Mussels are well suited for withstanding wave action due to their wedge shaped 
shells, which make it easy for them to form dense clusters. They also anchor themselves 
to the substrate or to other mussels using collagenous byssal threads, secreted by 
byssus in their muscular foot (Waite, 2002). Threads are secreted individually through a 
slender channel in the foot muscle. Each byssal thread takes 2-5 minutes to form and 
the process is repeated until there is a sufficient number of threads to anchor the mussel 
(Harrington and Waite, 2007). Byssal threads are necessary for mussels to maintain 
positioning upon the substrate and are continuously formed. M. edulis is one of several 
mussel species that retains its byssal apparatus beyond the larval stage, allowing it to 
transition from a sediment-dwelling lifestyle to an epi-benthic lifestyle (Silverman and 
Roberto, 2007). 
 The byssal apparatus can be divided into three regions (Fig. 1): the root, the 
stem, and the thread (Carrington, 2002; Lucas et al., 2002).  
  
Figure 1: The byssal apparatus. Left: Photograph of the byssal apparatus connecting mussels to 
each other in a mussel bed (Credit: L. Coutts/Friday Harbor Laboratories/UW). Right: Diagram of 
the internal byssal apparatus including threads (green), plaques (yellow), stem (hot pink), and 
muscular foot (red); mussel body shown in light blue.  
 
 The root is internally embedded in the organism and connects the byssus to the 
byssal retractor muscles (Carrington, 2002). The stem is the portion of the byssus that 
extends from the root to the outer portion of the mussel, connecting living tissue to the 
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extra-organismal collagenous threads (Carrington, 2002; Lucas et al., 2002). The thread 
can be further divided into a corrugated, extensible, proximal portion, a smoother, stiff, 
distal portion and an adhesive plaque (Carrington, 2002; Lucas et al., 2002; Moeser and 
Carrington, 2006). The plaque, located at the distal end of each thread, is responsible for 
anchoring individual threads to the substrate. It is comprised of a specialized adhesive 
that is able to bind to virtually any surface in a wet environment (Lucas et al., 2002; 
Silverman and Roberto, 2007). The unique ability to form strong adhesion to surfaces 
underwater has made mussels the subject of intensive biomimicry research (Kaushik et 
al., 2015; Morganti, 2014; Silverman and Roberto, 2007). Reproducing a binding agent 
similar to byssal plaque in mussels holds great potential for industrial and medical 
applications (Kaushik et al., 2015). Its conceivable applications in the medical field are 
especially promising because the polymers identified in mussel adhesion could be used 
to bind bone, skin, teeth and other organs during and post-medical procedures. The 
natural adhesive is non-toxic, anti-inflammatory, durable and impervious to water 
(Morganti, 2014). 
  
Factors Affecting Byssogenesis and Attachment Strength 
 Both environmental factors (e.g., seasonality, salinity, wave action, pH 
temperature) and physiological factors (e.g., reproductive state, food availability, 
predator presence, epibiont fouling) can affect byssal thread production (byssogenesis) 
and attachment strength (Carrington, 2002; Moeser and Carrington, 2006; O’Donnell et 
al., 2013; Silverman and Roberto, 2007).  
 
Environmental Factors: From fall to winter, mean thread strength and number both 
increase, peaking in spring; inversely, byssal thread number and strength decrease from 
early summer to fall (Carrington, 2002; Moeser and Carrington, 2006). Carrington (2002) 
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found that increased wave action was positively correlated to byssal thread production, 
whereas Garner and Litvaitis (2013b) found no correlation between wave action and 
byssal thread production. Blue mussels are able to withstand short-term exposure to pH 
reduction due to ocean acidification; however, in doing so they expend energy that 
would typically be allocated to other functional processes, including byssogenesis 
(Beesley et al., 2008). Similarly, byssal threads produced under elevated pCO2 tend to 
be weaker and less extensible (O’Donnell et al., 2013). Increased wave exposure and 
temperature decrease lead to significant decreases in byssal thread production (Garner 
and Litvaitis, 2013b; Lachance et al., 2008; Moeser and Carrington, 2006). Decreased 
salinity also results in a decline in byssogenesis (Pelc and Alexander, 1999).  
 
Physiological and Biological Factors: In M. edulis, byssal thread strength and gamete 
production inversely alternate due to seasonal shifts in energy allocation (Carrington, 
2002). In the spring and summer, more energy is allocated to gamete production and 
release, reducing the amount of energy available to byssogenesis, which results in 
decreased attachment strengths. Conversely, in late winter and early spring, mussels 
have stronger byssus attachment because energy can be allocated to byssogenesis 
rather than reproduction (Carrington, 2002). Decreased byssal thread production and 
strength during the fall makes mussels vulnerable to dislodgement during seasonal 
storms (Carrington, 2002).  
 Decreased food availability leads to decreased attachment strength (Moeser and 
Carrington, 2006), and lack of important dietary elements (e.g., iron, manganese), which 
are associated with crosslinking proteins in the formation of byssal threads, have both 
been shown to decrease byssal tenacity (Moeser and Carrington, 2006). Epibiont fouling 
positively affects byssal thread production and attachment strength, possibly to 
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counteract the added drag of the attached organisms (Garner and Litvaitis, 2013b). 
Predator presence results in increased byssal thread production (Leonard et al., 1999). 
 
Adaptive vs. Neutral Genetic Diversity 
Adaptive genetic diversity provides the raw material for natural selection and directly 
affects the fitness of an organism (Reed and Frankham, 2003). Consequently, high 
genetic diversity or heterozygosity (as measured by mean number of heterozygous 
loci/individual) allows a population to respond to changing environmental conditions. For 
species of Mytilus, the most commonly measured fitness character is growth rate. Using 
estimates based on putative adaptive loci associated with metabolism and measured via 
allozyme gel electrophoresis, increased heterozygosity has been linked with higher 
growth rates (Koehn & Gaffney, 1984; Diehl et al., 1986; Zouros et al., 1988). Additional 
positive correlations have been found for higher fecundity, tolerance to increased 
temperature, greater developmental stability, and higher survival rates (Tremblay et al. 
1998; LeBlanc et al., 2008; Mitton, 1993; Myrand et al., 2009a, b, 2002). Furthermore, 
Gentili and Beaumont (1988) found that the correlation between heterozygosity and 
growth rate is density dependent. Specifically, M. edulis grown at higher densities 
showed a significant positive correlation, whereas mussels grown at lower densities 
showed no significant correlation. 
 Despite the positive effects of increased heterozygosity, many allozyme studies 
have revealed pronounced heterozygote deficiencies at the Lap, (leucine 
aminopeptidase-I), Pgm (phosphoglucomutase), and Odh (octopine dehydrogenase) loci 
(Zouros and Foltz, 1984; Diehl and Koehn, 1985), both in natural and farmed 
populations of several bivalve species. Explanations for these may be found in 
hypotheses of natural selection on examined loci (Zouros and Foltz, 1984; Diehl and 
Koehn, 1985), inbreeding, null alleles, aneuploidy, and spatial and temporal Wahlund 
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effects, among others (Gaffney et al., 1990; Plutchak et al., 2006). Although breeding 
selection seems unlikely in broadcast spawners, even low levels of inbreeding have 
been shown to negatively affect physiology, survival, growth rate and fitness in shellfish 
(Deng et al., 2005; Evans et al., 2004).  
 Neutral genetic markers on the other hand, are not under selection and have no 
effect on fitness. Consequently, they are often used to characterize population structure 
and demographic events (e.g., gene flow, bottlenecks, estimates of population size) (Kirk 
and Freeland, 2011; Schlötterer, 2004). Microsatellites are commonly used neutral loci 
because they are inherited co-dominantly, in a Mendelian fashion, and are highly 
polymorphic. In M. galloprovincialis, mean heterozygosities based on microsatellites 
have been shown to exceed those reported for allozymes by two-fold (Diz and Presa, 
2008). Although heterozygote deficiencies in bivalves have also been found for 
microsatellites, they can be attributed to null alleles and genotyping errors (i.e., 
overlapping allelic bands, drop-out effects) rather than to selection (Diz and Presa, 2008; 
Lallias et al., 2009). Null alleles can occur when microsatellite primers fail to anneal to 
the DNA template of a sample due to mismatch variation, or they may be due to slippage 
and preferential replication of short alleles (Chapuis and Estoup, 2007). Regardless of 
the mechanism, null alleles are not amplified during polymerase chain reaction (PCR), 
resulting in an artificial heterozygote deficit. In fact, microsatellite null alleles in bivalve 
mollusks occur at relatively high frequencies (Li et al., 2003; Astanei et al., 2005; Lallias 
et al., 2009). Consequently, even though one would not expect mussel populations to be 
in Hardy-Weinberg (HW) equilibrium, microsatellite loci still can be used to identify 
heterozygotes, especially because they are due to PCR amplification problems and not 




Linking Heterozygosity to Phenotypic Traits 
 Regardless of the underlying cause of the observed heterozygote deficiency, the 
phenomenon is of potential concern for wild and farmed mussel populations alike 
(LeBlanc et al., 2008; Mitton, 1993; Myrand et al., 2009a, 2009b, 2002). Decreased 
genetic diversity could mean losing the most stress-tolerant individuals, which could be 
detrimental in a rapidly changing marine environment. 
 In an attempt to identify phenotypic traits associated with increased loss of 
heterozygous individuals, Schneider et al. (2005) proposed that heterozygosity and shell 
morphometrics were linked to increased motility of mussels, resulting in a 
disproportionate loss of individuals that either emerged to the surface of a mussel bed or 
to the periphery of a suspension culture. Specifically, heterozygous individuals had 
disproportionately narrower shell shapes compared to homozygous individuals, allowing 
them to emerge more readily to the surface of a wild mussel bed (Schneider et al., 
2005). Once at the exterior, individuals were significantly more likely to be dislodged 
(Schneider et al., 2005).  
 Similarly, a decrease in heterozygous individuals over time has been observed in 
rope-cultured mussels (Myrand et al., 2009a, b). It is possible that heterozygous 
individuals are the ones that are more mobile. As a consequence, they migrate to the 
periphery of rope-cultures to avoid food and space competition in the core of the long-
lines (Fréchette et al., 1992, 1996). However, at the periphery, fall-off due to increased 
hydrodynamic forces is more likely, resulting in a disproportionately larger loss of 
heterozygous individuals. This is analogous to the dislodgement patterns in wild mussel 
beds (Schneider et al., 2005). The hypothesis receives support from observations of 
increased post-settlement mobility in several bivalve species, which impacts their 
patterns of abundance and distribution (Sigurddson et al., 1976; Jennings & Hunt, 2009). 
		 9 
Alternative sleeving techniques have been proposed to reduce fall-off rates (Filgueira et 
al., 2007; Myrand et al., 2009b).  
 Because dislodgement in both natural and farmed mussel populations is 
dependent on byssal thread attachment strength, identifying a relationship between 
genetic diversity and byssal thread numbers and attachment strength may provide 
insights into the heterozygote deficit observed in bivalves. However, in an attempt to link 
byssogenesis and attachment strength to mussel energy reserves (i.e., glycogen, 
protein, total lipids), phospholipid content of the foot muscle, and heterozygosity, 
Lachance et al. (2011) found no relationship, other than between thread numbers and 
attachment strength. These findings indicate byssogenesis is not limited by available 
energy reserves, regardless of the reproductive status of the mussels. Furthermore, 
despite the fact that heterozygous individuals have lower maintenance metabolism 
(Myrand et al., 2002; LeBlanc et al., 2008) and therefore can allocate additional 
energetic resources into increased byssogenesis, the study revealed no such 
relationship (Lachance et al., 2011). Interestingly, mussels used in this study were in 
Hardy Weinberg equilibrium (HWE), despite the use of allozyme markers and small 
sample sizes. 
 
Rationale, Objectives, and Thesis Overview  
 Because the largest contributions of farmed mussels to the worldwide shellfish 
industry come from China and Europe, research has mostly been focused in these 
regions (Smaal, 2002). Currently, mussel farming is gaining popularity in the Gulf of 
Maine and hence, an understanding of variables affecting mussel farming in this unique 
ecosystem is needed. The Gulf of Maine is a well-defined body of water in the 
northwestern Atlantic, bordered by Massachusetts, New Hampshire, Maine and Nova 
Scotia, spanning across 3 degrees of latitude. Surface water temperatures in the Gulf of 
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Maine are rising faster than previously anticipated. New models suggest that the gulf is 
warming at a rate three times faster than the global average in response to global 
climate change, making this site particularly vulnerable (Saba et al., 2015). The rapid 
increase in water temperature, accompanied by increased salinity, is attributed to 
greater inputs of warm water from the Gulf Stream and a reduced input from the colder 
Labrador Current from the north (Saba et al., 2015). Mussels are relatively tolerant to 
constantly fluctuating environmental factors in the intertidal zone, so if mussel 
populations begin to suffer from rapid environmental shifts such as warming, it raises 
concerns for other less-tolerant species in the area (GOM Council on the Marine 
Environment, 2015). This study is relevant now because of the rapidly changing 
environmental conditions in the Gulf of Maine.  
 The major objectives of this study were to determine if heterozygosity and 
morphometrics are correlated with motility, byssogenesis and byssal thread attachment 
strength in a wild and a farmed mussel population in New Hampshire. Predicted 
outcomes of these studies were that: 1. Heterozygosity would be significantly correlated 
with motility, byssogenesis, and byssal thread strength, and 2. Heterozygous mussels 
would be more motile, produce more threads, and have weaker attachment strength 
than homozygous mussels. 	 The thesis is organized into this Introductory Section (Chapter I), providing 
information on the biology of blue mussels, followed by two chapters (Chapters II & III) 
and a Conclusion Section (Chapter IV). Chapter II focuses on a population of wild-
collected mussels and correlates their shell morphometrics and genetic diversity with 
motility and functional characters of the byssus. Chapter III focuses on mussels collected 
from a rope-culture. Again shell morphometrics and heterozygosity are correlated with 
mussel movement, byssal thread attachment strength, and byssogenesis. The final 
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chapter contains general conclusions from all major research components evaluated in 
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EFFECTS OF SHELL MORPHOMETRICS AND HETEROZYGOSITY ON 
BYSSOGENESIS, BYSSAL THREAD ATTACHMENT STRENGTH AND MOTILITY 
IN A WILD POPULATION OF BLUE MUSSELS  
 
Introduction 
 Heterozygote deficiencies have been noted in both wild and farmed populations 
of Mytilus edulis Linnaeus 1758, yet the underlying causes for this deficit remain unclear 
(Addison et al., 2008; Gentili and Beaumont, 1988; LeBlanc et al., 2008; Myrand et al., 
2009b, 2002; Raymond et al., 1997; Tremblay et al., 1998). This is especially surprising 
considering that advantageous fitness traits (i.e., increased fecundity, reduced basal 
metabolism, higher growth rate) as well as decreased mortality under environmental 
stressors (i.e., air exposure, increased water temperature) are linked to heterozygosity in 
mussels (LeBlanc et al., 2008; Mitton, 1993; Myrand et al., 2002; Tremblay et al., 1998). 
However, the veracity of this trend is not without controversy; several studies have failed 
to connect heterozygosity and growth rate in wild populations (Beaumont et al., 1985; 
Gosling, 1989; McAndrew et al., 1986; Zouros and Foltz, 1984).  
 Currently proposed explanations for the heterozygote deficit observed in many 
bivalve species have failed to wholly explain the phenomenon. Raymond et al. (1997) 
suspect Wahlund effects along the North American east coast because of the presence 
of genetically distinct populations of M. edulis. Conversely, Myrand et al. (2009a) found 
no evidence of Wahlund effects in M. edulis populations in the Magdalen Islands (Gulf of 
St. Lawrence, Canada). Mollusks are known for an unusually high frequency of null 
alleles (Lallias et al., 2009; Presa et al., 2002), which could lead to incorrect scoring of 
genotypes. Lallias et al. (2009) consider this a likely contributor to the observed 
heterozygote deficiencies in blue mussels. Although inbreeding has been observed in 
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other bivalve species (Bierne et al., 1998; Evans et al., 2004), Myrand et al. (2002) 
contend that it is an unlikely cause for heterozygosity deficiency in M. edulis. Instead, 
their study found that heterozygote deficits are not constant over multiple loci and that 
allele frequencies are similar in neighboring populations. Finally, if selection is 
contributing to the deficit, it most likely acts during very early life stages, as evidenced by 
a lack of observed differences in the heterozygosity of mussel populations at 4-5 months 
and those same populations exhibiting deficiencies at the adult stage (Tremblay et al., 
1998). From the above, it is likely that a number of factors, including population-specific 
ones, are contributing to the loss of heterozygous individuals from mussel populations 
(Bierne et al., 1998; Myrand et al., 2009a, 2009b, 2002; Raymond et al., 1997; Tremblay 
et al., 1998).  
 Noticing a decrease in heterozygous individuals over time in rope cultures, 
Myrand et al. (2009a) propose the ‘drop-off hypothesis‘ (dislodgment hypothesis), 
which posits that heterozygous individuals are more motile, and move to the periphery 
of a long-line culture to gain a competitive feeding advantage (Fréchette et al. 1992, 
1996). However, at the periphery, mussels are more likely subject to predation or to 
dislodgement by hydrodynamic forces (Lachance et al., 2008). Similar processes have 
been invoked for wild mussels in intertidal mussel beds, resulting in selection against 
heterozygotes (Schneider et al., 2005). Suspected silt-avoidance behavior leads to the 
vertical stratification of a mussel bed, with more heterozygous mussels moving 
towards the surface of the bed (Schneider et al., 2005). Consequently, there is a trade-
off for being positioned at the periphery of a mussel aggregation: increased food 
availability, which may result in faster growth vs. increased risk to predation or to 
dislodgement by wave action, current velocity, or turbulence. 
 To prevent dislodgement, mussels secrete numerous, collagenous byssal 
threads, anchoring themselves to the substrate. Byssal threads are not permanent 
		 19 
structures though. They are continuously reformed (Wiegemann, 2005), allowing 
individuals to spatially reorganize within a mussel aggregate. Various biotic (e.g., 
epibiont fouling, predator presence, reproductive condition) and abiotic (e.g., 
temperature, wave exposure) factors affect the number and thickness of byssal 
threads produced and thus, attachment strength (Garner and Litvaitis, 2013a,b; 
Moeser and Carrington, 2006). As expected, thread number and the force required for 
dislodgement are positively correlated (Hunt and Scheibling, 2001).  
 Because dislodgement is dependent on byssal thread attachment strength, 
identifying a relationship between genetic diversity and byssal thread numbers and 
attachment strength may provide insights into the heterozygote deficit observed in blue 
mussels. A direct comparison of motility and byssal thread attachment strength among 
homozygous and heterozygous individuals will help assess the validity of the 
dislodgement hypothesis. 
 Therefore, the objectives of my study were to: 1.) determine the relationship 
between heterozygosity and motility, byssogenesis and byssal thread attachment 
strength, and 2.) determine the relationship between mussel size and motility, 
byssogenesis and byssus attachment strength for a population of wild mussels. I expect 
a positive correlation between heterozygosity and motility as well as a positive 
correlation between heterozygosity and byssal thread attachment strength; both of which 
support the dislodgement hypothesis. Larger mussels are expected to have a negative 
correlation with motility and a positive correlation with byssal thread attachment strength. 
  
Materials and Methods 
Collection Site: Wild mussels (300 individuals; shell length 45-62 mm) were collected 
from a series of docks at the Wentworth by the Sea Marina (WSM), located on the 
northwestern shore of Little Harbor, New Castle, New Hampshire (43˚03’30.25”N, 
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70˚43’35.45”W). The docks at WSM have never been scraped clean resulting in a broad 
size range of mussels and a highly diverse marine fouling community.   
 Prior to any testing, all existing byssal threads were trimmed and morphometric 
measurements of shell length, width and height were taken with a digital caliper (General 
Tools and Instruments, Secaucus, NJ) (Appendix C). It is assumed that growth 
throughout the trial period was negligible; hence, morphometric measurements were 
only recorded once throughout the study. Because blue mussels grow allometrically 
(Seed, 1973), length, width and height are correlated. Consequently, a morphometric 
index (MI = length x width x height [mm3]) was used in most analyses as a measure of 
morphometrics.  
 
Motility Determination: Motility of 300 mussels was determined via a proxy measure of 
timing the emergence of mussels buried under Vigoro Brand landscaping gravel to 
simulate the interior of a mussel bed (Harger 1968; Schneider et al. 2005). Four lattice-
sided plastic bins, lined with fine-opening mesh (3-5mm) to allow water flow but prevent 
escape of mussels, were used to house mussels during motility trials. Twenty-five wild 
mussels were evenly spaced on the bottom of each bin, at least 5cm from the bin walls 
to prevent edge effects (Fig. 2a). Gravel was carefully placed between mussels to keep 
them separated during the emergence trial to reduce the chance of mussel movement 
being impacted by other mussels used in the same trial (Fig. 2b). Mussels in all four bins 
were buried in 5cm of gravel (25-45mm) after gravel had been rinsed thoroughly in 











Bins were submerged in a 2m diameter flow-through seawater tank at ambient water 
temperature (Fig. 3a). Mussels were checked for emergence every 12 h for 132 h total. 
Mussels with at least half their shell lengths above the gravel surface (Fig. 3b) were 
removed without disturbing the surrounding gravel, assigned an individual identification 
number, and their time to emerge was recorded. This was repeated two more times, 




Figure 3. Experimental setup for emergence study. a. Circular seawater flow-through tank with 
placement of four bins 25 mussels per bin). b. Mussels emerging from gravel (red arrows). 
 
After 132 h all remaining individuals that had not emerged (26 individuals) were 
discarded and were not used in any further analysis because they would not provide 
further insight into emergence trends.  
a.  b.  c.  
Figure 2. Experimental setup of mussels in plastic latticed-sided bins for motility study.  
a. Mussel spacing to prevent edge effects. b. Gravel separation between mussels to 
prevent attachment to each other. c. Mussels fully buried beneath 5 cm of gravel. 
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Byssogenesis and Byssal Thread Attachment Strength Determination: Because 26 
mussels died or did not emerge, 274 individuals were used to measure byssal thread 
attachment strength. Individuals were maintained in labeled 10cm-diameter glass dishes 
with mesh netting secured over the top of each dish with a rubber band to prevent 
mussels from escaping (Fig. 4a). Dishes were kept on a shallow seawater flow-through 










Figure 4. Experimental setup for byssal thread measurements. a. Seawater flow-through table 
with mussels in individual glass dishes, b. Individual mussels secreting byssal threads, c. Vernier 
dual-range force sensor with monofilament sling used to measure total byssal attachment 
strength. 
 
 After 132h, the number of attached (functional) byssal threads and abandoned 
plaques were recorded for each individual. A dual-range force sensor (Vernier Software 
and Technology, Beaverton, OR) was used to measure the force required to dislodge 
each mussel from its dish. All force readings were visualized on LoggerLite software 
(Vernier Software and Technology, Beaverton, OR). A piece of monofilament line 
knotted into a two-loop pattern was used, in which one loop was secured around each 
shell end and the central knot was secured to the force sensor (Fig. 4c). Steady upward 
force was applied by pulling the sensor perpendicular to the attachment site, until failure 
of all attached byssal threads was achieved. Total maximum force of removal was 
recorded in Newtons (N). Total byssal thread production (byssogenesis) was calculated 
a. b. c. 
		 23 
as the sum of functional threads and abandoned plaques for each individual/132 h. 
Force per byssal thread was calculated by dividing the total force required for 
dislodgement by the number of functional byssal threads. Mussels were excluded from 
analysis because they released their byssal bundle before attachment strength testing, 
attached to neighboring dishes, were mistakenly removed prematurely or because the 
force sensor failed to record (130 individuals), leaving 144 viable individuals for analysis. 
 
Genomic DNA Extraction and Heterozygosity Determination: The adductor muscles of 
274 mussels were severed with a clam-shucking knife to open each specimen. A scalpel 
was used to remove gill and mantle tissue. Other tissue samples were not extracted to 
reduce contamination from stomach contents. Tissue samples from each individual were 
kept in sterile, labeled microfuge tubes at -20°C until genomic DNA extraction.  
 Genomic DNA was extracted from all 324 specimens following the protocol of the 
DNeasy Blood and Tissue Kit (Qiagen Inc., Valencia, CA) (Appendix A). Extracted DNA 
was stored at -20°C prior to heterozygosity determination. Two M. edulis-specific 
microsatellite loci (Med367, Med397; Lallias et al., 2009) and one M. galloprovincialis 
locus known to amplify in M. edulis (Mgµ3) were used to determine heterozygosity 
(Presa et al. 2002; Appendix B).  
 Additional microsatellite loci (Med722, Med740, Med747, Mgµ4, Mgµ5, Mgµ7, 
MT203, MT282; (Lallias et al., 2009; Presa et al., 2002), Appendix B) were also tested, 
but did not amplify well and were excluded from further analysis. Genomic DNA dilutions 
of 1:50 were used in 12.5µl PCRs to amplify Med367 and Mgµl3; whereas Med397 was 
amplified from undiluted DNA because of low template concentrations. Genotypes were 
determined by polymerase chain reaction (PCR) amplification using Qiagen Type-It kits 
(Qiagen, Valencia, CA). Reactions were performed in 12.5µl volumes each containing 
3µl DNA, 1.25µl primer mix, 2µl dH2O, and 6.25µl Type-It master mix. Amplifications 
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were performed using an Eppendorf Thermal Cycler 22331 (Eppendorf Laboratory 
Equipment, Hauppauge, NY) using the following cycling profile: 95˚C for 5 min; 30 cycles 
at 95˚C for 30 s, 60˚C for 90 s, 72˚C for 30 s, with a final extension at 60˚C for 10 min. 
For submission to the Yale Center for Genome Analysis (Yale School of Medicine, 
Orange, Conn., USA) for fragment analysis on an ABI 3730 capillary sequencer, 4µl 
formamide were combined with 6µl PCR sample. Allele scoring was done using 
GENEIOUS 6.8.1 (Kearse et al., 2012). MICROCHECKER 2.2.3 was used to determine the 
probability of null alleles (van Oosterhout et al., 2004). For all three primers 10% of 
samples were re-typed to ensure sample-reading consistency (n=42 for each locus).  
 Observed and expected heterozygosities and an exact probability test for 
deviations from Hardy-Weinberg equilibrium and linkage disequilibrium were calculated 
using the web-interface version of GENEPOP 4.2 (Raymond & Rousset, 1995; Rousset, 
2008). Heterozygosity of individual mussels was determined by the presence of ≥1 
heterozygous microsatellite locus per mussel. Only mussels in which all three loci could 
be amplified were used in further statistical analyses (110 individuals). 
 
Statistical Analyses: Shapiro-Wilk tests were used to determine whether variable 
frequencies (i.e., morphometric measurements, byssogenesis, functional threads, 
plaque abandonment and total attachment strength) were normally distributed. For 
variables that were not normally distributed, non-parametric Wilcoxon signed-rank tests 
and Kruskal-Wallis Rank Sums tests were used to determine correlations of byssal 
thread attachment strength and byssogenesis with emergence time and heterozygosity. 
Correlations between byssal thread attachment strength and byssogenesis with 
morphometric indices were determined using a linear fit model. All statistical analyses 





Motility of Wild Mussels: Of the 300 wild mussels buried in gravel, 274 emerged within 
132h. With the exception of the first 100 mussels (trial 1), the largest number of mussels 
emerged within the first 24h of each trial (Fig.5). It is unclear why trial 1 did not follow 
this trend. Size-frequency distributions were non-normally distributed, thus, non-
parametric analyses were used. Because of differences in amplification success among 
the three primer sets, a range of heterozygosity could not be applied to all samples. 
Consequently, mussels with ≥1 heterozygous locus were considered heterozygous. The 
total number of mussels that emerged within the allotted trial time and whose DNA 
amplified at all three loci was n=110. 
 
 Neither heterozygosity nor the MI explained differences in emergence time well. 
Although heterozygosity had no significant effect on emergence time (p=0.059), 
heterozygotes  emerged 12.64h later from the gravel bins than homozygotes (Fig. 6). 
During the first 72h, there was a weak trend of larger mussels emerging later than 
smaller mussels, but during later emergence this pattern does not remain consistent. 
Figure 5. Emergence distribution of wild mussels. Number of mussels emerging in the morning 
and night of Emergence Trial 1 (left), Trial 2 (center), and Trial 3 (right). 
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Correlations of MI with Byssogenesis and Byssal Thread Attachment Strength: MIs were 
not significantly correlated with byssogenesis, functional threads or abandoned plaques 
in wild mussels (Table 1). However, they did show highly significant, positive correlations 
with individual thread strength and total attachment strength (Table 1). 
Table 1. Correlations of heterozygosity and MI with byssogenesis and byssal thread 
attachment strength in wild mussels. 
 
 Heterozygosity Morphometric Index 









Byssogenesis 0.6045 0.7271 0.0005 
Individual Thread Strength (N) 0.7466 <0.0001*** 0.0675 
Total Attachment Strength (N) 0.2757 <0.0001***  0.0739 
 
Correlations of Heterozygosity with Byssogenesis and Byssal Thread Attachment 
Strength: Heterozygosity did not significantly affect byssogenesis, number of functional 
threads, or plaque abandonment in wild mussels (Table 2). Similarly, heterozygosity had 
no significant correlation with total byssal attachment strength or individual byssal thread 
strength (Table 2).  
 
Figure 6. Correlations of heterozygosity (left) (p=0.0591) and MI (right) (p=0.1862, r2=0.0030) 
with motility in wild mussels.   
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Table 2. Gene diversity of wild mussels from New Hampshire. 
Locus Name NA HO HE pHW FIS Fnull 
Med367 18 0.473 0.826 *** 0.429 0.213 
Med397 46 0.245 0.975 *** 0.300 0.372 
Mgµ3 5 0.109 0.156 *** 0.749 0.096 
NA, mean number of observed alleles; HO, observed heterozygosity; HE, expected heterozygosity; 
asterisks indicated significant deviation from Hardy Weinberg Equilibrium (p<0.0001); FIS, 
inbreeding coefficient; Fnull, frequency of null alleles; asterisks indicate highly significant deviation 
from Hardy Weinberg Equilibrium (p<0.0001).  
 
Genetic Diversity of Wild Mussels: An exact probability test revealed significant 
deviations from Hardy-Weinberg Equilibrium (p<0.0001). There was no evidence of 
linkage disequilibrium for the three loci. Null alleles were found at all three loci. Presence 
of null alleles was based on observed homozygote excess (van Oosterhout et al., 2004); 
there was no evidence of allelic dropout or scoring error due to stuttering. Observed and 
expected heterozygosities were significantly different at all three loci (Table 1). Mean 
number of alleles (Na) represents the number of unique alleles at each locus sampled 
and is a reflection of the degree to which each microsatellite is polymorphic. Highly 
polymorphic microsatellites (reflected by high Na values) are common in Mytilus spp. 
 
Discussion 
 As is common for many species of bivalves, the wild mussel population in this 
study also showed a heterozygote deficit. All three loci were significantly different from 
HWE, which indicates at least one of the assumptions of HWE has been violated. 
Selective spatial differentiation has been shown in another bivalve species, Macoma 
balthica, (Luttikhuizen et al., 2003) so non-random mating may occur in M. edulis as 
well. Violations of other assumptions stated by HWE that may be shaping the genetic 
structure of mussel populations include barriers to gene flow through physical barriers or 
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ocean currents, overlapping generations, mutations and selection against heterozygotes. 
Deviations from HWE in Mytilus spp. are not uncommon (Lallias et al., 2009) and occur 
for a number of reasons. All three loci showed evidence for the presence of null alleles; 
the high degree of polymorphism combined with low amplification success in M. edulis 
specifically could suggest some level of hybridization with another mytilid species, 
causing introgression of highly divergent alleles (Bierne et al., 2003). There are no 
current accounts of other mytilid species in the southern Gulf of Maine (M. trossulus has 
only been detected in the northern portion of the Gulf), so this is unlikely. Med397 is 
known to have a high frequency of null alleles (Lallias et al., 2009), so this finding is not 
surprising. Med367, which is known to have a high frequency of null alleles (Lallias et al., 
2009), had a null allele frequency of 0.213. The possibility of the Wahlund effect as a 
plausible explanation cannot be assessed with the sampling regime of this study (i.e., 
one site, one-time sampling). Beaumont (1991) suggests underdominance as the main 
cause of the heterozygote deficiency in lab reared M. edulis, but this does not explain 
why the deficiency is present despite heterozygosity fitness correlations (HFCs), which 
have been recorded in numerous instances (Bierne et al., 1998; Gentili and Beaumont, 
1988; Myrand et al., 2002; Reed and Frankham, 2003). Despite the use of lab-reared 
mussels in Beaumont’s study (1991), underdominance has also been proposed as an 
explanation for the deficit in another wild bivalve species (Gaffney et al., 1990). 
 Heterozygosity was not significantly correlated with motility (measured by 
emergence time), byssogenesis, functional threads, abandoned plaques or byssal 
thread attachment strength. These results support the findings of Lachance et al. (2011) 
where heterozygosity also had no significant effect on byssal thread strength or 
byssogenesis. Therefore, my findings do not support the hypothesis that heterozygous 
individuals are migrating to the periphery of a mussel bed or dock community and 
subsequently dropping off due to weaker byssus attachment. Thus, I reject the 
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dislodgement hypothesis as an explanation for the heterozygote deficiency of blue 
mussels.  
 Due to the lack of correlation between heterozygosity and emergence or byssus 
strength, MIs were further examined. MIs showed no significant correlation with motility, 
plaque abandonment, number of functional threads or total byssogenesis, but were 
positively correlated with total attachment strength and individual thread attachment 
strength. Such a relationship has previously been described (Babarro et al., 2008; Bell 
and Gosline, 1997; Hunt and Scheibling, 2001). Babarro et al. (2008) found that large 
mussels produced fewer threads but were more firmly attached than small mussels. 
Additionally, Hunt and Scheibling (2001) described larger mussels being positively 
correlated with byssal thread attachment strength. Despite the positive relationship 
between size and attachment force, larger mussels are at greater risk of becoming 
dislodged from the substrate. Stronger attachment force of larger mussels does not 
ensure a lower likelihood of dislodgement due to the increase in hydrodynamic forces 
acting on greater shell area (Hunt and Scheibling, 2001). The greater an individual’s 
shell area, the more drag it creates and the more negatively the individual is affected by 
wave action resulting in an increased risk of dislodgement. This is also supported by Bell 
and Gosline (1997) who found that increased thread thickness and reduced body size 
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EFFECTS OF SHELL MORPHOMETRICS AND HETEROZYGOSITY ON 
BYSSOGENESIS, BYSSAL ATTACHMENT STRENGTH AND MOTILITY	
IN A FARMED POPULATION OF BLUE MUSSELS  
Introduction 
 In New England, commercial culturing of blue mussels (Mytilus edulis Linnæus, 
1758), started during the 1980s, initially with bottom cultures (Campbell and Newell, 
1998; Newell et al., 1998; Lutz et al., 1991). Since then, it has expanded to include 
suspension-culture techniques on rafts, racks, or long-line systems placed in nutrient-
rich and sheltered environments such as bays and estuaries (Wallace, 1997; Chambers 
et al., 2003). Of interest to the aquaculture industry is the positive (albeit in some cases 
weak) correlation between fitness measures and the degree of heterozygosity of an 
individual (Koehn and Gaffney, 1984; Zouros et al., 1988). Traditionally, heterozygosity 
in mytilids has been determined using allozyme loci, with most studies revealing 
pronounced heterozygote deficiencies (Zouros and Foltz, 1984; Diehl and Koehn, 1985). 
Explanations for heterozygote deficiencies may be found in hypotheses of selection 
acting on the examined loci, inbreeding, null alleles, aneuploidy, and spatial and 
temporal Wahlund effects, among others (Zouros and Foltz, 1984; Gaffney et al., 1990; 
Plutchak et al., 2006; Silva and Skibinski, 2009). However, despite numerous studies 
focusing on the phenomenon, no consensus has been reached (Wei et al., 2013). 
 For mytilids, the most commonly measured fitness characteristic is growth rate. 
More heterozygous individuals have higher growth rates, a fact that has been attributed 
to lower maintenance metabolic rates, thus making more energy available for growth 
(Diehl et al., 1986). Once a mussel cohort reaches sexual maturity, the association with 
size is no longer found and it is assumed that most of the energy is directed into 
reproduction rather than growth (Koehn and Gaffney, 1984; Diehl and Koehn, 1985). Not 
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only is heterozygosity positively correlated with growth but it also confers an increased 
survival during environmentally stressful conditions, most notably elevated temperatures 
(LeBlanc et al., 2008; Myrand et al., 2002; Tremblay et al., 1998). Furthermore, in M. 
edulis, heterozygosity has been correlated with increased fecundity (Rodhouse and 
Gaffney, 1984), and potentially increased immune function (Carissan-Lloyd et al., 2004)  
 Hence, high genetic diversity is desirable for mussel cultures because of higher 
productivity, as well as better survival under stressful environmental conditions. 
Therefore, it is of concern that a significant decrease in heterozygosity over time has 
been reported for M. edulis grown in suspension cultures in the Gulf of St. Lawrence 
(Myrand et al., 2009a, 2009b). This correlation is rather unexpected because it is 
generally assumed that heterozygosity increases over time due to better survival of 
heterozygotes (Gosling, 1989; Myrand et al., 2002). To explain these observations, 
Myrand et al. (2009b) propose the ‘drop-off hypothesis‘ (dislodgment hypothesis), which 
posits that heterozygous individuals are more motile, and move to the periphery of a 
long-line culture to gain a competitive feeding advantage (Fréchette et al., 1992, 1996). 
However, at the periphery, mussels are more likely subjected to predation or to 
dislodgement by hydrodynamic forces (Lachance et al., 2008), potentially resulting in a 
disproportionately larger loss of the more heterozygous individuals.  
 Mussel fall-off is not trivial, as evidenced by studies in the Gulf of St. Lawrence 
for blue mussels and in New Zealand for green shell mussels (Perna canalicula). 
Leonard (2004) found an average of 130g/m2/day of fall-off from mussel lines in the 
Magdalene Islands (Gulf of St. Lawrence, Canada). This measure only included whole 
mussels, not broken or empty shells. Lachance and Hennebicq (2011) measured a 
weekly fall-off from long-line cultures in the Gulf of St. Lawrence of about 0.5% of the 
suspended mussel mass. Their measurements were taken between June and 
September, with the highest value recorded as 0.28± 0.04 kg/trap/day in late June. 
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Using video transects, Inglis and Gust (2003) estimated live and broken mussel deposits 
beneath green shell mussel farms in Marlborough Sounds, New Zealand. They found 
that up to 55% of the seafloor was covered by deposits, which were limited to areas with 
active farms only. Although most of the deposit consisted of dead mussels and shells, 
live mussels were found beneath active mussel farms, where they covered between 
0.33% and 8% of the seafloor (Inglis and Gust, 2003). 
 Although amounts vary considerably over time and location, fall-off apparently 
does not affect individuals randomly. Instead it is peripheral individuals that are 
disproportionately dislodged. If heterozygous mussels are indeed more motile and thus, 
are more likely to move to the periphery of long-lines, then their differential loss will 
affect heterozygosity of a suspension culture. Such findings can have a negative impact 
on yield in mussel aquaculture. Not only are individuals lost, but because remaining 
mussels are mostly homozygous, growth and fecundity also will be negatively impacted. 
Furthermore, in light of changing water temperatures, long-term survival is compromised 
because homozygous individuals are less tolerant of stressful conditions. 
 Therefore, the objectives of my study were to: 1.) determine the relationship 
between heterozygosity and motility, byssogenesis and byssal thread attachment 
strength, and 2.) determine the relationship between mussel size and motility, 
byssogenesis, and byssus attachment strength for a population of farmed mussels. A 
positive correlation between heterozygosity and motility, as well as a negative correlation 
between heterozygosity and byssal thread attachment strength are expected; both of 
which support the drop-off hypothesis. Larger mussels are expected to have a negative 





Materials and Methods 
Collection Site: Farmed mussels (150 individuals; length 30.0-47.6 mm) were collected 
from a single long-line culture grown under a floating dock on the northern shore of Fort 
Constitution Point at the Judd Gregg Marine Science Center (GMSC) in New Castle, 
New Hampshire (43°04’16.68”N, 70°42’36.72”W). The difference in size class from wild 
to farmed mussels, as well as number of trials run in this research, were due to resource 
availability. All byssal threads were removed and shell length, width, and height was 
recorded for each individual, using a digital caliper. 
 
Motility Determination: Mussels (150 individuals) were maintained in labeled 10cm-
diameter glass dishes covered with mesh netting to prevent escape in a shallow 
seawater flow-through table for 132h. Individuals secreted byssal threads during that 
time. After 132h, the number of attached (functional) byssal threads and abandoned 
plaques were recorded for each individual. Number of abandoned plaque bundles has 
been shown to provide an effective measure of mussel motility (Garner and Litvaitis, 
2013a). Mussels in this study tended not to abandon full byssal bundles, but abandoned 
individual plaques instead; therefore, individual plaque abandonment was used to 
determine motility instead of emergence time in farmed mussels due to lack of adequate 
resources to re-run emergence trials.  
 
Byssogenesis and Byssal Thread Attachment Strength Determination: Functional 
characteristics of byssus attachment were determined following the protocol described in 
Chapter II. Mussels were excluded from analysis if they released their byssal threads 
before attachment strength testing, attached to neighboring dishes or if the force sensor 
failed to record. Consequently, 135 mussels were used in byssal thread analyses. 
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Genomic DNA Extraction and Heterozygosity Determination: Genomic DNA was 
extracted from the gills or mantle of 148 mussels, and samples were genotyped 
following the protocol outlined in Chapter II. Mussels were excluded from analysis if their 
DNA did not amplify with all three primers used. Consequently, 63 mussels were used 
for genetic analyses. 
  
Statistical Analyses: The same analyses used in Chapter II were used to determine if 
populations were normally distributed, determine correlations between motility, byssus 
strength and byssogenesis with heterozygosity as well as correlations between byssus 
strength and byssogenesis with MI (Ch. II, p. 23).  
 
Results  
Motility of Farmed Mussels: Neither heterozygosity nor MI were able to explain 
differences in plaque abandonment of farmed mussels (Fig. 7). Heterozygous mussels 





Correlations of MI with Byssogenesis and Byssal Thread Attachment Strength: MIs were 
not significantly correlated with byssogenesis or functional threads in farmed mussels 
(Table 4). However, they did show a positive correlation with individual thread strength 
and total attachment strength in farmed mussels (Table 4). 
 
Correlations of Heterozygosity with Byssogenesis and Byssal Thread Attachment 
Strength: Heterozygosity did not significantly affect byssogenesis, or number of 
functional threads in farmed mussels (Table 3). Similarly, heterozygosity had no 
significant correlation with total byssal attachment strength or individual byssal thread 
strength (Table 3).  
 
Table 3. Correlations of heterozygosity and MI with byssogenesis and byssal thread 
attachment strength in farmed mussels. 
 
 Heterozygosity Morphometric Index 
 p-value p-value r2 
Functional Threads 0.116 0.073 0.017 
Byssogenesis 0.231 0.619 0.006 
Individual Thread Strength (N) 0.475 0.011* 0.041 
Total Attachment Strength (N) 0.268 0.0002* 0.095 
 
Genetic Diversity of Farmed Mussels: An exact probability test revealed highly significant 
deviations from Hardy-Weinberg Equilibrium (p<0.0001) at two of the three microsatellite 
loci (Table 4). Med397 was the only locus that showed evidence for the presence of null 
alleles based on observed homozygote excesses (van Oosterhout et al., 2004). There 
was no evidence of linkage disequilibrium, large allele dropout or scoring error due to 
stuttering; however, observed and expected heterozygosities were significantly different 
at the all three loci (Table 4). Mean number of alleles (Na) represents the number of 
Figure 7. Correlations of heterozygosity and MI with plaque abandonment in farmed 
mussels. a. Heterozygosity (p=0.943) and b. MI (p=0.431, r2=0.0028) had no 
significant correlations with plaque abandonment in farmed mussels.  
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unique alleles at each locus sampled and is a reflection of the degree to which each 
microsatellite is polymorphic. Highly polymorphic microsatellites (reflected by high Na 
values) are common in Mytilus spp. 
 
Table 4. Gene diversity of farmed mussels from New Hampshire (n = 63). 
Locus Name NA HO HE pHW FIS Fnull 
Med367 18 0.823 0.898 *** 0.085 0.036 
Med397 32 0.387 0.962 *** 0.035 0.295 
Mgµ3 6 0.274 0.265 0.271 0.600 -0.022 
NA, mean number of observed alleles; HO, observed heterozygosity; HE, expected heterozygosity; 
FIS, inbreeding coefficient; Fnull, frequency of null alleles; asterisks indicate highly significant 




 As expected, farmed mussels showed a heterozygote deficiency. Mussels 
sampled from the farmed population were 1-2 years old and are beyond the larval stage 
in which selection against heterozygotes is proposed to occur (Beaumont, 1991). Mgµ3 
was the only locus that was not significantly different from HWE. This locus also had the 
highest amplification success and was the least polymorphic. Deviations from HWE in 
Mytilus spp. are not uncommon (Lallias et al., 2009) and occur for a number of reasons. 
Only one of the three loci (Med397) showed evidence for the presence of null alleles; 
additionally, this locus had the lowest amplification success and was the most 
polymorphic. Potential explanations of null alleles are listed in Chapter II (p. 26-27).  
 Heterozygosity had no significant correlations with motility (as measured by 
plaque abandonment), byssogenesis, or byssal thread attachment strength. These 
findings do not support the hypothesis that heterozygous individuals are migrating to the 
periphery of a long-line culture to obtain better access to resources and subsequently 
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dropping off due to exposure to increased wave action. Therefore another explanation is 
likely responsible for the loss of heterozygosity in farmed mussel populations. As stated 
in Chapter II, underdominance is not a likely cause of heterozygote deficiency.  
 Because morphometrics were more closely correlated with byssal thread 
attachment strength than heterozygosity, it is unlikely that farmed mussel populations 
are at risk of losing their presumably robust individuals (indicated by HFCs). This is 
supported by previous literature, which found a negative correlation between shell size 
and byssal thread bundle abandonment (Garner and Litvaitis, 2013a). As long as mussel 
microsatellites remain highly polymorphic and spat dispersal between populations 
continues based on oceanic flow regimes, genetic diversity should not remain at high 
enough levels to sustain genetically stable populations. If mussel farmers were 
concerned about low genetic diversity in the spat they use to seed their rope cultures, I 
would recommend collecting spat from several geographically distinct areas to imitate 
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CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 
  
 In this chapter, I am comparing the two populations with each other with regards 
to heterozygosity, motility and characteristics of the byssus. Additionally, I describe 
environmental variables that may have influenced my results. I also examine potential 
problems and limitations of the study and provide general conclusions and 
recommendations for future research directions. 
 
Comparison of Heterozygosity, Byssogenesis and Byssal Thread Attachment Strength 
Between Populations 
 I compared the wild and farmed population to speculate further into the 
mechanisms driving the heterozygote deficit at both collecting sites. It is likely that most, 
if not all, of the differences between these populations can be attributed to age, but other 
variables that differ between sites may help explain these differences even further; 
therefore, it seems appropriate to assess the potential impacts of factors besides age. 
Low r2 values indicate that other factors contribute to variation in byssogenesis, plaque 
abandonment and attachment strength. 
 Farmed mussels abandoned significantly more plaques (p<0.0001), produced 
significantly more threads (p<0.0001) and had significantly weaker byssal thread 
attachment strength (p<0.0001) than wild mussels; all indications of increased motility. 
These differences may be attributed to age class and growing environment (i.e., farmed 
vs. wild). Younger (smaller) mussels are known to exhibit greater motility than older 
(larger) mussels (Weigemann, 2005). In this instance, farmed mussels (average 
length=36.1mm) were smaller than the wild mussels (average length=52.5mm) so 
increased plaque abandonment supports the previous literature.  
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 Heterozygosity differed greatly between the farmed and the wild mussel 
population. Farmed mussels showed greater heterozygosity (HO) at all three measured 
loci than wild mussels (Ch. II Table 2, Ch. III Table 4), but both populations showed a 
significant heterozygosity deficit (Ch. II Table 1, Ch. III Table 3). This difference in 
population-wide heterozygosity could be due to several factors including age, predation 
risk and biodiversity.  
 Predation risk is in part determined by the physical components of wild and 
farmed environments. Mussels growing on docks or rocky shores that have direct 
contact with the substrate are more susceptible to substrate-dwelling predators (Kirk et 
al., 2007). Farmed mussels grown on long-lines are less susceptible to these predators 
because they do not come into direct contact with the substrate (Kirk et al., 2007; Murray 
et al., 2007). Even though motility was not significantly correlated with heterozygosity, it 
is still possible that heterozygous individuals migrate to the periphery; they just do so 
more slowly than expected. Residing at the periphery may make them an easier prey 
target for substrate-dwelling predators, which would lead to the disproportional mortality 
of heterozygous mussels. Less accessibility to predators sometimes contributes to the 
dense populations of farmed mussels (Kirk et al., 2007), which may permit greater 
retention of heterozygous mussels, but often the mussel farmer is able to manipulate the 
density of their mussel cultures through the initial seeding process. 
 Biodiversity of mussel beds is density dependent; more densely populated beds 
generally exhibit lower biodiversity (Beadman et al., 2004; Murray et al., 2007). Based 
on visual assessment, biodiversity of the fouling community in the wild mussel site was 
far greater than that of the farmed mussel site. The age difference could explain the lack 
of density differentiation between sites; the farmed site, which I would expect to be more 
densely populated is younger and has not had enough time to reach maximum density 
while the wild site has likely reached its maximum density and stabilized. Wild mussels 
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were older (larger) than farmed mussels on average and the docks at the wild site have 
never been scraped clean allowing for greater settlement of a diverse array of organisms 
over time. Considering the longevity of the wild site, finding a more diverse community 
was not surprising. Age alone could be affecting the overall heterozygosity of the farmed 
and wild mussel population (Beaumont, 1991), but biodiversity might play a secondary 
role.  
 
Amplification Success of Microsatellites 
 It is possible that the low amplification success was partly due to insufficient 
optimization of individual primer protocols. But due to the presence and high frequency 
of null alleles it is more likely that the primers themselves are the cause of low 
amplification in New Hampshire mussel populations. High frequency of null alleles can 
indicate inappropriate flanking regions in microsatellite primers (Chapuis and Estoup, 
2006). Redesigning the 3’ primer ends may increase amplification success for future 
microsatellite studies. 
 
Relating Age (Size) Difference and Heterozygosity to Byssus Attachment, Byssogenesis, 
Plaque Abandonment and Motility  
 Heterozygosity was not correlated with byssus attachment strength, 
byssogenesis or plaque abandonment in either population. Additionally, heterozygosity 
was not significantly correlated with motility in farmed or wild mussels, but heterozygous 
wild mussels took 12.6 hours longer than homozygous, wild individuals to emerge from 
the gravel bins on average, which is contradictory to the dislodgement hypothesis. MIs 
were significantly correlated with several byssus variables, but most relationships were 
described by low r2 values indicating that unidentified variables also influence these 
relationships. Larger mussels had significantly stronger byssal thread attachment 
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strength in both farmed and wild mussels. Interestingly, stronger attachment strength of 
larger mussels does not ensure a lower likelihood of dislodgement due to the increase in 
hydrodynamic forces acting on greater shell area (Hunt and Scheibling, 2001). Perhaps 
selection against heterozygotes is amplified in the older (larger) wild mussels due to 
disproportional dislodgement of large heterozygous individuals. Younger (smaller) 
mussels exhibited greater byssogenesis and plaque abandonment, both indications of 
increased motility. Based on this evidence, I am unable to support the dislodgement 
hypothesis for blue mussels in New Hampshire. 
 
Future Directions  
 Development of new microsatellite primers, or modification of existing primers 
are urgently needed for future assessments of heterozygote deficiency in farmed and 
wild mussel populations. Assessing overall percentage of heterozygosity and allelic 
diversity of microsatellites may be a more insightful metrics for assessing concern of 
future wild and farmed mussel populations.    
 This research has implications for the growing shellfish aquaculture industry. 
Without optimized primer protocols, which would result in greater genotyping success, it 
will be difficult to discern whether heterozygosity plays a large role in current setbacks, 
besides drop-off, in the industry. Additionally, discovering the main causes of the 
heterozygote deficiency in mussels will aid future conservation efforts in preserving 
allelic diversity within farmed and wild mussel populations. Due to the recent success of 
alternative sleeving techniques in preventing dislodgement prior to harvest (Myrand et 
al., 2009), efforts should be made to implement these techniques throughout mussel 
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Qiagen DNeasy Blood and Tissue Protocol for Genomic DNA Extraction from Mussels 
 
• Cut small piece of tissue in weighing boat and place in sterile microfuge tube 
• Add 180 ul ATL buffer (room temp) 
• Add 20µl proteinase K 
• Incubate over night at 56C  
• Add 200 ul AL buffer, mix by pipetting 
• Add 200 ul 96-100% ethanol, mix by pipetting  
• Load all onto Qiagen kit column 
• Spin at 8,000 rpm for 1 min 
• Transfer column to new collecting tube 
• Wash with 500 µl AW1 buffer 
• Spin at 8,000 rpm for 1 min and transfer column to new collecting tube 
• Wash with 500 µl AW2 buffer 
• Spin at 12,000 rpm for 3 min and transfer column to new labeled microfuge tube 
• Add 100-150 µl AE buffer  
• Incubate for 10-15 min 
• Spin at 8000 rpm for 1 min 
• Store at 4C for several days 















































































































































































































































































































































































































































































































































































































































































































Mussel shell length (ML) is the maximum distance from the umbo to the opposite end of 
the shell. Mussel shell width (MH) is the maximum distance from one side of a single 
shell to the other, perpendicular to ML. Mussel shell height (MD) is the maximum 
distance from the exterior of one shell to the exterior of the other shell when the mussel 
is closed.  
 
 
 
